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I. INTRODUCTION 


One of the problems in the development of solid state transmitters 
is the design of efficient power combining structures. Individual 
solid state diodes generate relatively low radio frequency (RF) power 
levels (typically a few watts), and the outputs of many of these 
devices must be combined to achieve the tens or hundreds of watt levels 
required in radar systems and missile seekers. 

Most combiner research has concentrated on closed structures, such 
as cavities or transmission lines (Reference 1); the diodes are coupled 
to this closed region, and the summed power is extracted at a single 
output port. If the power combiner output is ultimately radiated by an 
antenna array, then a closed combiner structure must be followed by a 
feed network for routing the signals to the array elements. Since the 
closed combining region and the feed network are efficiency-reducing 
sources of dissipative loss, for radiation applications it would be 
desirable to locate the diodes directly at the terminals of the array 
elements and combine the output power of the diodes "in free space," 
i.e., in the far field of the array. We refer to this type of array as 
a space power combiner. 

This report describes a space power combiner consisting of an 
array of microstrip patch antennas, each element of which has a single 
Impact avalanche and transit time (IMPATT) diode connected to its ter¬ 
minal (Figure 1). If allowed to free-run, each diode would oscillate 
with a frequency, power level, and RF phase that depend on the circuit 
impedance and specific diode conditions; the array would radiate inco¬ 
herently. To force the IMPATTs to radiate coherently, an injection¬ 
locking signal must be supplied at the input to the diode. However, 
rather than piping an injection-locking signal individually to each 
diode, the scheme in Figure 1 requires only a single injection-locking 
signal applied to the center element. The injection-locking signal for 
the diodes at the terminals of the other elements appears by free-space 
mutual coupling between the elements. 

At least three advantages accrue from this exploitation of the 
free-space coupling. First, the weight, bulk, and complication of 
transmission lines for an injection-locking signal for each element are 
eliminated. Second, a costly circulator is not required on each ele¬ 
ment for feeding the injection-locking signal. Third, the technique is 
better suited for planar integrated antennas because these extra compo¬ 
nents are not required. 
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FIGURE 1. Transmitting Array Using Parasitic Injection Locking. 


Below, we present an analysis of the array (Section II), followed 
by a discussion of an experimental array operating at 10.2 gigahertz 
(Section III), and results obtained on this array (Section IV). To 
summarize the results, we successfully obtained injection locking by 
mutual coupling and achieved an efficiency of 90% with this three- 
element array. The features of the beam compare well with the features 
predicted by elementary array theory: The 3-decibel beamwidth is 
38 degrees and the sidelobe level is 10 decibels. Measurements of a 
preliminary nature on beam scanning show that the beam can be scanned 
to ±30 degrees from broadside with variable length shorts. 
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II. THEORY 


Figure 2 is a diagram of a three-element array with an active one- 
port device terminating each element. The physical antenna terminals 
are labeled as Ports 1, 2, and 3; Port 4 is a terminal representing the 
power radiated to the far field of the array. Attached to each antenna 
terminal is a phase shifter P, a matching network M, a network T repre¬ 
senting the impedance transformer that is integral to the diode mount, 
and the IMPATT diode. The phase shifter P supplies a phase shift of +<J> 
in Arm 2 and -$ in Arm 3 to establish a phase gradient across the array 
aperture for beam steering. The matching network T is needed to 
transform the low impedance of the diode (Z » -0.5 +3.0j) to the 50+0j 
impedance of a connected transmission line. This matching network is 
integral to the diode mount and is discussed below. A priori , the 
matching network M should be viewed as possibly required, depending on 
whether the analysis shows that the impedance at the output of T should 
be further transformed to match the antenna impedance. The circulator 
in Arm 1 permits the injection-locking signal to be introduced. 



FIGURE 2. Block Diagram for Transmitting Array. 


The goal of the analysis is to determine the impedance that the 
diodes, as transformed by T, must present to the array to ensure oscil¬ 
lation of the diodes in a desired mode. Hardware limitations in the 
realization of this impedance impact the bandwidth, maximum values of 
<j>, and other array characteristics. 


5 























iSTvM 





1 


IP 


SI 


Mi 


m 

as 

m 

ma 

S3 

S3 

at 

an 


$ 

S 








ftS 

wh 

|SJ 

a i 


th 

Kj 

b„ 













NWC TP 6704 


IS 


m 


b = [S']a 


That is, [S'] includes the phase shifters, whereas [S] does not. 
Assuming the lengths of the shorts on the reflection phase shifter 
circulators satisfy the condition l 2 + £3 = NX/2, the two-port 
scattering matrix for the phase shifter on Port 2 can be written as 


and on Port 3 as 


where $ = 2B£ (8 * 2ir/X). Combining Equations 1 through 4, there 
results 


S 11 

Sl2 

S 13 

S 14 

S 12 e ~ j<t> 

S 0 e- j * 

S 23 e ^ 

S 2 „e~ U 

Sl3 e ^ 

c J4> 
b 32 e 

S 0 e j * 


S 14 

S 24 

S 34 

S 44 


We now substitute 


= TjE 
= 


= r 3 b 3 


into Equation 5 and rearrange to get the following system of equations: 
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1 

- s 12 r 2 

S 13 r 3 

0 



0 

1 - s 0 r 2 e” J * 

- s 23 r 3 e - ^ 

0 


*>2 

0 

- S 32 r 2 e j * 

1 - S 0 r 3 e d ^ 

0 


b 3 

0 

- s 24 r 2 

s 34 r 3 

1 


_ b 4 _ 


S ll r l E + S l4 a 4 

s 12 r 1 e" ;i *E + S 24 e -;i *a 4 

(7) 

s i 3 r i e E + S 34 e J a 4 

_ S 14 r l E + S 44 a 4 

We now assume that a 4 * 0, i.e., no external signal is incident on the 
array. Note that such an external signal, if present, would be 
essentially indistinguishable from the injection-locking signal E, 
since both occupy a similar location in the "driving” vector on the 
right-hand side of Equation 7. 

Solving Equation 7 for 64 by Cramer's rule yields 


b 4 = TjE 


S 14 + 


24° 12^2^ ^ 3 + S 23 e ^ r 3^ e ^ 


S 01. s 


Y 2 Y 3 - S 2 3 r 2 r 3 


+ 


S 34 S 12 r 3^2 


* 2*3 


+ S 23 e j<t> 
S 23 r 2 r 3 



( 8 ) 


where Y 2 “ 1 “ s o e and *3 “ 1 - SQej^I^. Finally, by noting 

that in the far field of the array S 14 , S 24 , and S 34 are related by 
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S 24 



6r *dx 


'34 


c jBr-dx 

S 1 4 e 


(9) 


where d is the separation between elements and r is the unit vector in 
the polar coordinate system of Figure 1 toward the observation point. 
Equation 8 can be written as 


\ = SuFjE 


1 + 


S 12 r 2^ Y 3 + S 23 e ^ r 3) 
Y 2 Y 3 ~ S 23 r 2 r 3 


-j ( Br »dx + <f>) 


+ 


S 12 f 3 (Y 2 + S 23 e r 2) + *) 

2 

Y 2 Y 3 “ S 23 r 2 r 3 


( 10 ) 


This equation has several interesting features. Note that it is in the 
form of an antenna array factor: Each of the three terms is propor¬ 
tional to the element currents, multiplied by a phase factor accounting 
for the phase separation of the elements (Br*dx) and the beam scan 
phase <j>. The quantity b 4 represents the combined power appearing in 
the far field and is directly proportional to the injection-locking 
signal E. However, there can be a finite b 4 even when E = 0 if the 
denominators in terms two and three are zero, i.e., when 


Y 2 Y 3 S 23 r 2 r 3 = 0 (1 1 ) 

This is the free run oscillation condition . It is a condition that 
should be met for best performance even when an injection-locking sig¬ 
nal is applied, since Equation 10 implies that less injection signal is 
required for a given output as Equation 11 is more closely satisfied. 

In practice, of course, a zero denominator in Equation 10 and the 
resulting "infinite" value of b 4 are not realized. The oscillation 
condition produces reflection coefficients greater than 1, and hence 
power generation, but the power generated by each diode saturates at 
some limiting value. A theory that accounts for this behavior and that 
thereby gives an estimate of power levels generated in the far field 
requires a nonlinear model of the diode. The inclusion of diode models 
in the theory is planned for a future paper. 
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For given values of the entries in [S], Equation 11 indicates that 
an unlimited number of combinations of r 2 and F 3 can satisfy the 
oscillation condition. In addition, the oscillation condition is a 
function of 4>, implying that Z^t must be changed as <t> is changed. 
Although a ^-dependent T network, in Figure 2 is conceivable, we did not 
incorporate this complication in the present experimental array. Our 
main goal is a well-formed broadside beam; symmetry thus requires 
r 2 = r 3 , as evaluated at broadside. Setting 6 = 0 in Equation 11 and 
r 2 = r 3 = r 0 and solving for fg leads to 


The significance of two solutions corresponding to the two quadratic 
roots is not fully understood at this time, but the existence of such 
multiple solutions is fairly common in power combiner theory. (As will 
be seen below, the differences between the two solutions in Equa¬ 
tion 12 are small for the experimental array.) Usually, one of the 
solutions is the correct cophasal combining mode, and the other solu¬ 
tions correspond to antiphasal modes that must be suppressed. However, 
it is not clear that such an interpretation is correct for this array. 
To emphasize: r Q is the desired reflection coefficient that the 1MPATT 
diode should present to the antenna array in order to satisfy the 
oscillation condition for 6 = 0. 

For r Q given by Equation 12, the oscillation condition will not be 
satisfied exactly as $ is made different from zero, i.e., as beam 
scanning is attempted. Defining the deviation from zero as A and 
manipulating the exponentials in Equation 11, we can write 


2 2 2 

A = fgCSg — S 2 3 ) — 2TgSg COS 6+1 


Substituting Equation 12 into Equation 13 gives 


2S n (1 - cos 6) 


’0 + b 23 


as the deviation of the oscillation condition as a function of 6, 
assuming a symmetric broadside solution for F 0 . 

Next, these equations wiLl be used with experimental values for 
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TABLE 1. Array Properties. 


Patch width x length, mm 

8.66 x 12.0 

Center-to-center separation, mm (wavelength) 

14.0 (0.47) 

Adjacent edge separation, mm (wavelength) 

2.0 (0.067) 

Substrate material 

Duroid 5870 

Substrate thickness, mm 

0.79 


The goal for mutual coupling between the center element and the 
two outside elements was about -13 decibels. This value was derived 
from earlier work with injection-locked IMPATT diodes that indicated 
the need for an injection signal level of about 100 milliwatts for 
successful injection locking. Assuming the center element radiates 
2.0 watts (a conservative value for the diodes used with the array), a 
coupling of about -13 decibels is required. This is a relatively high 
coupling value for microstrip patch elements, and hence all possible 
steps were taken to maximize the coupling. The elements were spaced 
very close to each other, and colinear radiating edges were chosen 
because this configuration produces the tightest coupling (for closely 
spaced elements). 


In Figure 5 we plot the return loss (S lx ) and element coupling 
(S 12 and S 23 ), as measured on a network analyzer. In Table 2 we list 
the coupling values, voltage standing wave ratio (VSWR), input 
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FIGURE 5. Return Loss and Interelement Couplings 
for Experimental Array. 
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impedance, and bandwidth extracted from these curves. The desired 
-13-decibel coupling was achieved, but the center frequency was 
10.3 rather than 10.0 gigahertz. 


TABLE 2. Measured Array Characteristics 
at Center Frequency = 10.33 Gigahertz. 


[S] magnitude, dB 


S11 

-14.7 

S 2 2 

-14.5 

S 33 

-14.7 

s 12 

-13.7 

S 13 

-12.7 

S 23 

-20.7 

VSWR 

1 .1:1 

Input impedance, ohms 

45.4 + j14 

Bandwidth, MHz (2:1 VSWR) 

300 


B. IMPATT DIODE MOUNTS 

Figure 6 shows a cutaway view of the IMPATT diode coaxial mount 
and transformer. An APC-7 connector whose characteristic impedance is 
50 ohms joins the diode to an external circuit. The impedance trans¬ 
formation to the low impedance of the diode is accomplished using a 
single quarter-wave section of transmission line. 

An analysis of the impedance transformer is given in the 
Appendix. To effect a match, the length and characteristic 

impedance Zj of the impedance transforming section are adjusted. As 
shown in the Appendix, for an IMPATT with an impedance of Zj = Rj + 
jXj, the required values of and Zt are given by 
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FIGURE 6. Cutaway View of IMPATT Diode Coaxial Mount. 


Z T = Z Q sin SL t 


Z 0 - R d cos ^ 


where Zg = 50 ohms. Hence, for example, a diode impedance of Zj = 
-0.5 + j3.0 ohms requires = 0.43 centimeters and Zf = 3.98 ohms 
for a center frequency of 10.23 gigahertz (the operating center 
frequency used in the measurements). These values result in a 
transformed diode impedance of -50 + jO ohms at the center frequency. 
The analysis neglects the small junction capacitances. 

The impedance transforming properties of the transmission line 
section are considered further in the next section. 
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C. COMPARISON WITH IMPEDANCES DERIVED IN SECTION II 


For Figure 7 the measured values of [ S J were substituted into 
Equation 12, Tg was converted into impedance by 


i + r; 


i - r; 


2 -20 
HI 

u 

z 

< -30 



-50- 


FREQUENCY (GHz) 


FIGURE 7. Comparison of Z (Equation 17) and Transformed Diode 
Impedance (Equation A-ll). Heavy curves are reactance; lighter 
curves are resistance. Solid curves, Z + ; dashed curves, Z~; 
dash-dot curves, Equation A-ll. 


and the impedance was plotted as a function of frequency. These curves 
represent the values of impedance that should be matched by the diode 
impedance, as transformed by T (Figure 2). Hence, for comparison, 
Figure 7 also shows this transformed impedance, as given by 
Equation A-ll, for a typical diode with an impedance of -0.5 + 

j3.0 ohms at a frequency of 10.22 gigahertz. (As discussed in the 
Appendix, the slight frequency dependence of the diode reactance given 
by Equation A-12 is also included in this curve.) These curves 
indicate that a reasonably acceptable match is achieved between antenna 
array and diode over a frequency span of 10.1 to 10.3 gigahertz. For 
operation at the center frequency of 10.23 gigahertz used in the 
measurements, no additional matching network M (Figure 2) is needed. 
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D. EXPERIMENTAL CONFIGURATION 

Figure 8 Is a schematic diagram of the array, the diode mounts, 
and the diode drivers as set up in an anechoic chamber. The drivers 
pulse the IMPATT diodes with a 50% du*:y cycle square wave at a rate of 
500 kilohertz. The power pattern of the array was measured by a power 
meter with an integration time much longer than the duty cycle of the 
diode drivers. The power meter was coupled to a standard gain rec¬ 
tangular horn antenna located 4.57 meters from the center of the 
array. Calibration of the chamber was accomplished using standard sub¬ 
stitution techniques. 
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FIGURE 8. Diagram of Array and Test Apparatus, 


E. PATTERN AND POWER CALIBRATION 

A parameter of interest is the total radiated power P r from 
which combiner far-field efficiency can be calculated. The total 
radiated power is given by 


P 


r 


U mS 


(18) 


16 
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where U m is the maximum radiation intensity and fig is the beam 
solid angle given by 


F co <e ,*) 


The quantity F co (0,(j>) is the co-polarized field pattern (the <J> direc¬ 
tion in Figure 1) and dH = sin 0 d0 d4> is the element of solid angle. 
The cross-polarized component has been neglected because of its rela¬ 
tively low value. The power density measured by the receiving horn is 
calculated from 


P P r 2 4nr 2 P 

o o o 


where P Q is the power meter reading, is the solid angle sub¬ 

tended by the standard gain horn with gain G, r is the distance from 
the array under test to the horn, Ag is the effective receiving aper¬ 
ture of the horn, and X is the wavelength. Substituting the values G = 
158 (22 decibels), r = 4.57 meters, and X = 0.03 meter gives 


U = 1848 P 


(watts/steradian) 


For a power meter reading P Q , Equation 21 gives the radiation inten¬ 
sity. 


IV. EXPERIMENTAL RESULTS 


A. FREE-RUNNING DIODES 

The first step was to measure the frequency spectra of the IMPATT 
diodes individually as they were permitted to free run, i.e., with no 
injection-locking signal. Figure 9 shows the resulting spectra as mea¬ 
sured at the far-field horn. 

Two of the diodes oscillated with very nearly the same frequency 
(10.220 gigahertz), while the third oscillated at 10.227 gigahertz. We 
attempted to adjust the diodes to oscillate at 10.33 gigahertz, the 
center frequency of the array, but this frequency fell slightly outside 
the tuning range of the transformer section. 



^mm 





















(a) Diode 1, center frequency = 
10.22 gigahertz. 


(b) Diode 2, center frequency = 
10.227 gigahertz. 



(c) Diode 3, center frequency = 
10.22 gigahertz. 


FIGURE 9. Spectra of Free-Running Diodes. Horizontal scale = 
10 megahertz/division in all cases. 


B. INJECTION LOCKING: BORESIGHT BEAM RESULTS 
1. Patterns 

To form a beam in the array boresight direction, the differential 
RF phase shift between the currents on the elements should be as small 
as possible. This requires that the electrical length of the 
transmission lines between the diodes and radiating elements must be 
equal. To set up the array for these conditions, a network analyzer 
was used to adjust the variable-length lines in Arms 2 and 3 for equal 
phase delay between points A and B, and between A and C (Figure 8). 
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An inject!on-locking signal was applied to the center element 
only, as shown in Figure 8, at a frequency of 10.230 gigahertz and with 
a power level of 0.55 watt. All diodes were driven at the same current 
level (690 mi 1liamperes), and an H-plane pattern measurement (E^ in 
the x-z plane of Figure 1) was made. Figure 10 shows the result. A 
beam with a 3-decibel width of 36 degrees was formed near broadside. 
The beam was squinted by 12 degrees from 9 = 0, indicating some small 
residual phase error between the elements. This phase error probably 
also accounts for the nonsymmetrical sidelobe structure. 


E PLANE j 

J 

lt% J 




90 - 00 00 


00 00 90 


PATTERN ANGLE 'DEG. 


FIGURE 10. Measured Antenna 
Array Pattern. Drive current = 
690 milliamperes. The 
component is shown. 


The beamwidth and sidelobe level agree well with the predictions 
of simple array theory. The array factor for a three-element array 
with a phase center at Element 1 is given by 


T -jBd sin 9 . T jgd sin 9 



















where the 1^ (I = 1,2,3) are the relative current excitations. Equa¬ 
tion 22, with d = 0.47A and equal current excitation, is plotted in 
Figure 11. The 38-degree beamwidth and -10.0-decibel sidelobe level in 
this plot are in good agreement with the measured array values, perhaps 
fortuitous considering the assumption of noninteracting point sources 
implicit in Equation 22. However, the agreement is evidence that the 
three IMPATT diode sources are phased together and are radiating coher¬ 
ently. 



FIGURE 11. Plot of Theoretical Array Factor of Three-Element Array 
(Equation 25) With Uniform Excitation. 


Figure 12 is conclusive evidence of source coherency; the spectrum 
of the signal received at the horn taken during the pattern measurement 
for Figure 10 is shown. A single peak results because of the injection 
locking. 

The magnitude of the current excited in the antenna element can be 
controlled by the current supplied to the IMPATT diode by the driver. 
In Figure 13 we show a sequence of measured power patterns in which the 
current to Diodes 2 and 3 is progressively decreased below the current 
in Diode 1. Decreasing the current and therefore the power radiated by 
the outside elements is observed to lower the peak power (as expected) 
and to broaden the beamwidth. The trend is also predicted by the 
simple array theory, as shown in Figure 14. Table 3 is a summary of 
the experimental results in Figures 10 and 13. 
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TABLE 3. Summary of Boresight Beam Results 
(Frequency = 10.230 Gigahertz). 


Drive current, ma 

400 

500 

600 

690 

3-dB Beamwidth, deg 


45 

41 

38 

Peak power, dBm 


2.40 

3.3 

5.9 

Peak intensity, W/sr 


3.21 

6.10 

7.19 

Pattern figure number 

mm 

13(b) 

13(c) 

10 


The cross-polarized pattern of the array in the H-plane (Eg in 
the x-z plane of Figure 1) produced levels that were at least 20 deci¬ 
bels below the main beam level. An E-plane cut (Eg in the y-z plane) 
has been included on Figure 10. We are not certain of the origin of 
the ripple in this pattern. Possibly it arises from diffraction from 
the edge of the ground plane or from chamber reflections. A smooth 
curve through the pattern ripple closely reproduces the E-plane pattern 
for a microstrip patch antenna (Reference 3). 

2. Array Efficiency Measurement 

We define the efficiency as 


e 


_ total radiated power _ 

RF power generated by IMPATT diodes 


1007. 


(23) 


The total power generated by the IMPATT diodes was measured by discon¬ 
necting each diode at its circulator in Figure 8 and connecting a 
power meter. The measured values were 3.2, 3.0, and 3.7 watts, respec¬ 
tively, for Elements 1 through 3. The total RF power generated by the 
diodes is thus 9.9 watts. To compute the radiated power, the beam 
solid angle (Equation 19) must be computed from the measured data. The 
pattern in Figure 10 yields a beam solid angle of 1.25 steradians, 
where the measured E-plane cut has also been incorporated. We have 
neglected the contribution to the beam solid angle from the cross- 
polarized radiation because of its low magnitude. 

The computed efficiency is e = 90.9%. The losses occur from at 
least two sources: (1) ohmic losses in the antenna elements, sub¬ 
strate, and feed transmission lines and (2) mismatch losses at the 
antenna terminals. This value of efficiency can be compared with the 
typical 70% value found for cavity combiners (Reference 1). However, 
the output of a cavity combiner must be routed over transmission lines 
and radiated into the far field by antenna elements, both of which 











NWC TP 6704 


produce further losses. Hence, the far-field efficiency of a cascaded 
cavity combiner, feed network, and radiating element will compare even 
less favorably with the space-power combiner. 

3. Bandwidth 

The frequency sensitivity of the array is displayed in Figure 15. 
All diodes were driven at a current level of 690 mi 1 liamperes and the 
injection frequency was varied as shown. The breakup of the main beam 
below 10.22 gigahertz and above 10.25 gigahertz establishes the array 
locking bandwidth as approximately 30 megahertz. 



" ' 1 ■ ’' • ' Df (t ■ 

(a) Frequency = 10.20 gigahertz. (b) Frequency = 10.21 gigahertz. 

FIGURE 15. Change in Measured Antenna Array Pattern as a Function 
of Injection-Locking Frequency. 
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FIGURE 15. (Contd.) 


The locking bandwidth of a single diode mounted in its transformer 
is of interest to identify the bandwidth-limiting factors. The locking 
bandwidth depends very much on the injection signal level. The approx¬ 
imate injection signal level at Elements 2 and 3 is given by (3.2 x 
0.05) watts, or 160 milliwatts. The factor 0.05 arises from the 
-13-decibel coupling to the center element, and 3.2 watts is the 
measured injection signal level. The bandwidth of the IMPATT diodes 
mounted in their transformers but disconnected from the array was 
measured as 36 megahertz at an injection signal level of 
160 milliwatts. The array impedance characteristic, as shown in 
Figure 7, possibly narrows the bandwidth slightly. However, since the 
array-locking bandwidth is essentially the same as the diode-plus- 
transformer bandwidth, we conclude that the bandwidth is limited by the 
diode characteristics and not by the antenna. If a diode bandwidth 
approaching the 300-megahertz bandwidth of the antenna array were 
achievable, the array would probably limit bandwidth. 
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C. INJECTION LOCKING: BEAM-SCANNING RESULTS 

To move the beam from broadside, a constant interelement phase 
shift must be established. For the array configuration shown in Fig¬ 
ure 8, this phase shift was provided by precision fixed shorts that 
were connected as shown to the circulators on Elements 2 and 3. These 
shorts shifted the phase of the injection-locking signal seen by the 
diode, thereby shifting the phase of the currents on the antenna 
elements. The disadvantage of this method is the transformation in 
antenna terminal impedance viewed by the IMPATT diode because of the 
extra line length of the shorts. 

Beyond some electrical length, the impedance will be transformed 
out of the coherent locking range of the diodes. Or, from the point of 
view of Equation 14, the oscillation condition is not sufficiently 
satisfied. 

This effect is shown in Figure 16. The value of A 4 given by 
Equation 14 is plotted as a function of $. The magnitude of A" 
increases rapidly as <j> is changed from zero. The exact effect that 
this change in A 1 has on diode locking and beam scanning cannot be 
predicted without a specific model for the diode. 












For experimental measurements, a network analyzer was first used 
to adjust the variable-length air lines in Figure 8 for zero differen¬ 
tial phase shift between Elements 1 and 2, and 1 and 3, as was done for 
the boresight beam measurements. The resulting pattern is shown in 
Figure 17(a). The phase adjustment in this case is actually somewhat 
better than the adjustment obtained for the earlier measurements, since 
the beam is accurately aligned at 0 degrees. 

A fixed-length short of electrical length -X degrees was then con¬ 
nected to the Arm 2 circulator, and a short of length +X degrees was 
connected to the Arm 3 circulator. Values for X of 30, 60, 90, and 
120 degrees were used. The power patterns are shown in Figure 17, and 
Table 4 summarizes the results. For 30, 60, and (obstensibly) 90 de¬ 
grees, the beam-steering angle shifts in the desired manner; the amount 
of shift is very close to the value predicted by elementary phased 
array theory, which states that the beam angle from boresight 0^ is 
given by 


0 


b 



(24) 


where <J> is the interelement phase shift. 


TABLE 4. Beam-Steering Results. 


Interelement 
phase shift, 
deg 

Main beam pointing angle, 
deg from boresight 

Measured j 

From Equation 24 

30 

9 

12.1 

60 

29 

24.7 

90 

38 

38.9 

120 

38 

56.8 


Actually, the good agreement at 90 degrees is only coincidental. 
At some phase shift value between 60 and 90 degrees, the impedance 
transformation produced by the electrical length of the shorts causes 
the IMPATT diodes to unlock. Measurements of the spectrum of the far 
field confirmed this. The patterns in Figures 17(d) and 17(e) are 
essentially the same because the array is not coherently radiating, and 
hence, the fixed shorts have no effect on the pattern. 
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<t> = 0 degrees. 
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FIGURE 17, Measured Antenna Array Patterns 
of Phase-Shifting Shorts. 
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= 30 degrees. 

for Various Lengths 
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To summarize, variable-length shorts and circulators permit a 
limited beam-steering capability (±30 degrees). Greater excursions 
will require a phase-shifting technique that does not transform the 
impedance seen by the diodes. 


V. CONCLUSIONS AND FUTURE WORK 


An array of three microstrip patch antennas, each connected by a 
matching network to an impact avalanche and transit time (IMPATT) 
diode, has been investigated. Coherent radiation from the array was 
obtained at 10.23 gigahertz by feeding only the center element with an 
injection-locking signal, which then appeared at the input to the other 
two elements by free-space mutual coupling. The three IMPATTs were 
successfully locked in this manner. A beamwidth of 38 degrees and 
sidelobe level of -10 decibels was achieved; this performance is con¬ 
sistent with the theory for coherent radiation from an array of this 
configuration. An efficiency of 90% was achieved, which is substan¬ 
tially greater than the efficiency that a cavity combiner and radiating 
elements can achieve. Scanning of the beam to 30 degrees from bore- 
sight was achieved; the scanning limit was shown to arise from excur¬ 
sions in the antenna impedance that caused the diodes to unlock. The 
bandwidth over which the three IMPATT diodes remained locked was mea¬ 
sured to be 30 megahertz. This bandwidth is essentially the same as 
the bandwidth of an individual diode in its transformer. 

Future research on this space-power combiner technique will con¬ 
centrate on (1) increasing the number of elements, (2) increasing the 
beam scan angle, and (3) investigating operation of the IMPATT diodes 
as amplifiers for a receiving array. 
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Appendix 

THEORY FOR SINGLE-SECTION TRANSFORMER WITH IMPATT DIODE 


The purpose of this Appendix is to calculate the impedance trans¬ 
forming properties of a single-section transformer and to derive the 
equations for the characteristic impedance and length of the trans¬ 
former for a given diode impedance. Some comments on the IMPATT diode 
impedance model are also presented. 

Figure A-l shows a single-section transformer. The goal is to 
match the impedance Z 0 to the impedance Zj by the correct choice of 
Z-p and if The scattering matrix for a single section of lossless 
transmission line is given by Reference 4. 
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where r = (Zj - Z Q )/(Zf + Z 0 ) and 6 = 2 tt/ X. The impedance 
viewed by the diode at Port 2 is given by 


Z = R + iX = Z 
P P P o 


1 + S- 


1 - S- 


(A-2) 


Substituting from Equation A-l gives 


Z = Z 
P o 


2 -J 2b 't 

1 - r e _ + r - re 

2 

i - r e - r + re 


-j2 8£„ 




(A-3) 


Simplifying Equation A-3 and separating into resistive and reactive 
parts yields 


R = Z 


(1 + r)' 


13 ° 1 + 2r cos 2Blj + r 2 


(A-4) 


X = Z 
P 




2r sin 2f 


2r cos 28 £. t + r 2 


(A-3) 


We now set Rp = Rj and Xp = X^ and seek to invert Equa¬ 
tions A-4 and A-5 by solving for Zj and Using the identities 

cos 2x = 1 - 2 sin x and sin 2x = 2 sin x cos x, Equations A-4 and A-5 
can be rewritten, respectively, as 


Z 2 \ 

— ) sin 2 R£_ 


(A-6) 
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